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ABSTRACT 
The subject of phase transitions is of vital interest to physicists, 
chemists, metallurgists, ceramists, and others involved in the study of 
solids. This cross-disciplinary subject is not only of academic importance, 
but also of technological relevance. The literature abounds in experimental 
and theoretical studies of phase transitions in solids and the subject is 
continuously growing. Newer systems under-going transitions and newer 
kinds of transitions are being constantly reported. Metallurgists generally 
pay a lot more attention to this topic, but their treatment is by necessity 
confined to metals and alloys. Phase transitions, on the other hand, are of 
significance to a much wider spectrum of materials. 
Ihis thesis is devoted to the study of phase transition in Zr02 doped 
with different metal oxides. 
Chapter 1: General Introduction 
Zirconia (ZrOi), because of its high refractive index, high melting 
temperature, hardness, and corrosion-resistant properties, has many 
important applications in science and technology. Zr02 crystallizes in 
different polymorphs under different conditions of temperature and 
pressure. At ambient conditions, pure Zr02 is monoclinic (space group 
P2//C), at higher temperatures, between 950°C and 1250°C, it trairsfbrms 
to a tetragonal phase (space group P42/nmc), and at 2370°C to a cubic 
fluorite structure (space group Fm3m). 
In the partially stabilized tetragonal phase, zirconia is used in structural 
and wears parts and it is bio- compatible. The cubic phase of zirconia is 
used in oxygen sensors and is also important in the emerging technology of 
solid oxide fuel cells. 
In the absence of stabilizers, monoclinic zirconia (Baddeleyte) converts 
to tetragonal ~ 1200°C and to cubic at ~ 2300°C. Stabilizers, such as yttria 
and ceria, form solid solutions with Zirconia, where the aliovalent cations 
substitute for the host cation and form oxygen vacancies in the higher 
temperature phases at much lower temperatures. 
The effect of dopant on the phase transition of Zr02 was characterized 
by electrical conductivity measurements, differential thermal analysis, X-
ray powder diffraction and FT-IR, 
Chapter 2: Study of Electrical Conductivity Changes and Phase 
Transitions in Mn02 Doped Zr02. 
Electrical conductivity of Zr02 doped with Mn02 has been measured at 
various temperatures for different molar ratios .The conductivity increases 
due to migration of oxygen ions and vacancies. Rise in temperature 
increases the rate of migration, which results in the rise in conductivity and 
after attaining a maximum, the conductivity decreases due to collapse of 
the fluorite framework. All compositions show phase transition in Zr02 
from monoclinic to tetragonal at 473°C. 
DTA was carried out for Zr02, MnOi and MnOi doped ZrOi samples. 
Transition of Mn02 to Mn203 starts at 550°C which is confirmed by an 
exothermic peak at 540°C in the DTA of pure Mn02. The phase transition 
of ZiO? from monoclinic to tetragonal, which starts around 460°C is shown 
by an exothermic peak and is completed at temperatures around 1160°C 
which is signified by an endothermic peak. But the doped samples studied 
by us show only a single exothermic peak between temperature range 473-
493°C which corresponds to the onset of the phase transition of Zr02 and 
no peak is observed at 540°C signifying the conversion of Mn02 to Mn203, 
as Mn02 had already been converted to Mn203 during doping. 
The XRD lines are attributed to the tetragonal and the monoclinic 
phases of Zr02 and to some extent of Mn203, because Mn02 in the doped 
samples had been converted to Mn203 during doping. Upon increasing the 
concentration of dopant, the tetragonal Zr02 gradually increases. It may 
therefore be concluded that the phase composition is not only influenced by 
the temperature but also by the presence of impurities. The data were fitted 
to the model for Zr02 and Mn203 .AH samples were fitted to a mixture of 
tetragonal and monoclinic forms of Zr02. 
The FT-IR transmittance spectra have been recorded for the Zr02 and 
ZrOi - Mn02 doped samples in the energy range of 4000 - 400cm'\ The 
FT-IR studies support the assertion that as Mn02 percentage increase, there 
is a shift in the position of wave number (frequency) towards higher side 
indicating greater stretching. 
Chapter 3: Study of Electrical Conductivity Changes and Phase 
Transitions in CuO Doped ZrOi. 
Electrical conductivity has been measured at different temperatures for 
Zr02 doped with various molar ratios of CuO. The conductivity increases 
due to migration of vacancies, created by doping. The conductivity is found 
to increase with increase in temperature till 220°C and thereafter decreases 
due to collapse of the fluorite framework. A second rise in conductivity 
around 500°C is observed due to phase transition of Zr02. DTA, X-ray 
powder diffraction and FT-IR were carried out for confirming doping effect 
and transition in Zr02. 
Chapter 4: Study of Electrical Conductivity Changes and Phase 
Transitions in Pb304 Doped ZrOi. 
Electrical conductivity of Zr02 doped with Pb304 has been measured at 
different temperatures for different molar ratios .The conductivity increases 
due to migration of vacancies, created by doping. The conductivity 
increases with increase in temperature till ]20"C and thereby decreases due 
to collapse of the fluorite framework. A second rise in conductivity at 
higher temperatures beyond 500°C- 611°C is due to phase transition of 
Zr02. 
DTA curve of pure Zr02 shows a sharp exothermic peak at 460°C due 
to the gradual phase transition of ZrOi from room temperature phase to 
tetragonal. However, it is of interest to see the influence of Pb304 on the 
crystallization of ZrOi from monoclinic to tetragonal phase. Exothermic 
peak due lo the phase transition in pure Zr02 appears at 460°C, while for 
Pb304-doped-Zr02 samples it shifts to higher temperatures because of 
interaction between Pb304 and Zr02. The shift increases with increasing 
Pb304 content. Consequently, the exothermic peaks appear at 500, 588, 
609, 610, and 611 °C for 1, 2, 3, 4 and 5-mol % of Pb304 respectively .X-ray 
powder diffraction has been used to understand the conductivity change 
and phase transition in Zr02. 
Chapter 5: Study of Electrical Conductivity Changes and Phase 
Transitions in PbO Doped ZrOi. 
Electrical conductivity of Zr02 doped with PbO has been measured at 
different temperatures for different molar ratios. The conductivity increases 
due to migration of oxygen ions and vacancies. The conductivity increases 
with rise in temperature till 163°C and thereby decreases due to collapse of 
the fluorite framework. The increase in conductivity at higher temperatures 
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beyond 460°C is due to the phase transition of Zr02 from monoclinic to 
tetragonal. 
DTA was carried out for ZrOi and PbO doped Zr02 samples. Pure Zr02 
shows an exothermic peak at 460°C due to phase transition of ZrOi in 
agreement with conductivity results. But in the doped samples we get only 
an exothermic peak around 460°C-548°C due to phase transition of Zr02 
from monoclinic to tetragonal. X-ray powder diffraction has been also used 
to understand the conductivity change and phase transition in Zr02. 
Chapter 6: Study of Electrical Conductivity Changes and Phase 
Transitions in Li20 Doped Zr02. 
Electrical conductivity of Zr02 doped with Li20, which arises due to 
migration of vacancies, increases with increase in Li20 concentration and 
also with rise in temperature. The activation energy is also found to 
increase with increase in concentration of Li20. Though in pure Zr02, the 
phase transition from monoclinic to tetragonal takes place at 460°C but in 
all the doped compositions, as the percentage of Li increases, this phase 
transition in Zr02 shifts to higher and higher temperature. DSC and X-ray 
powder diffraction have been used to understand the conductivity change 
and phase transition in Zr02. 
Chapter 7: ^tudy of Electrical Conductivity Changes and Phase 
Transitions in CaO Doped ZrOi. 
Electrical conductivity of Zr02 increases remarkably on doping with 
CaO in the temperature range 60°C -240°C. The electrical conductivity is 
found to be maximum for 10-mol% of CaO at room temperature but at 
higher temperatures it increases with rise in CaO concentration. DSC and 
X-ray powder diffraction have been also used to understand the 
conductivity change and phase transition in ZrOi. 
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CHAPTER 1 
1. Introduction 
The subject of phase transitions is of vital interest to physicists, 
chemists, metallurgists, ceramists, and others involved in the study of 
solids. This cross-disciplinary subject is not only of academic 
importance, but also of technological relevance. The literature abounds in 
experimental and theoretical studies of phase transitions in solids and the 
subject is continually growing. Newer systems under-going transitions 
and newer kinds of transitions are being constantly reported. 
A given assembly of atoms or molecules may be homogeneous or 
nonhomogeneous. The homogeneous part of such an assembly, called 
phase, is characterized by thermodynamic properties like volume, 
pressure, temperature, and energy. An isolated phase is stable only when 
its free energy - is a minimum for the specified thermodynamic 
conditions. If the phase is present in a local minimum of free energy, and 
is separated from still lower minima (under the same thermodynamic 
conditions) by energy barriers, the system is then said to be in a 
mctastablc state. If barriers do not exist, the state of the system becomes 
unstable and the system moves into a stable or equilibrium state, 
characterized by the lowest possible free energy. As the temperature, 
pressure, or any other variable like an electric or magnetic field acting on 
a system is varied, the free energy of the system changes smoothly and 
continuously. Whenever such variations of free energy are associated 
with changes in structural details of the phase, a phase transition or phase 
transformation is said to occur [1]. 
1.1. Thermodynamics of Phase Transitions 
A solid phase has a uniform structure and composition throughout and 
is separated from other phases by sharp boundaries [2]. At these 
boundaries discontinuous changes occur in structure and/or composition. 
A solid undergoes a phase transition when a particular phase of the solid 
becomes unstable under a given set of thermodynamic conditions [3]. 
The variation in free energy at the transition is associated with structural 
or compositional change. At the equilibrium temperature (or pressure) of 
a phase transition, the Gibbs free energies of the two polymorph are 
equal i.e. 
AG-AH~TAS=0 (1.1) 
Therefore, no discontinuity in free energy occurs on passing from one 
polymorph to the other. Classical thermodynamics provides a general and 
sound basis for understanding phase transitions in solids. 
Thermodynamic Classification of Phase Transitions 
During a phase transition, the free energy of the system remains 
continuous, but thermodynamic quantities like entropy, volume, heat 
capacity, and so on, undergo discontinuous change. 
Ehrenfest classified phase transitions as first order and second order, 
by considering the behavior of thermodynamic quantities such as 
entropy, heat capacity, volume, etc., onpassing from one polymorph to 
the other through the transition. 
A first-order transition is defined as one in which discontinuity occurs 
in the first derivatives of the free energy with respect to temperature and 
pressure, such as entropy and volume. Usually, first-order transitions are 
easy to detect. A discontinuity in volume corresponds to a change in 
crystal structure such that the density and the unit cell volume per 
formula unit are different in the two polymorphs. A number of examples 
of first-order transitions brought about by variation of temperature or 
pressure are known [5]. 
Second order transitions are defined as those in which discontinuity 
occurs in the second derivatives of the free energy such as heat capacity, 
thermal expansivity and compressibility. These transitions are not readily 
explained by classical thermodynamics. Unlike the case of first-order 
transitions, where the free energy surfaces, G (P, T), of the two phases 
intersect sharply at the transition temperature, it is difficult to visualize 
the nature of the free-energy surfaces in second or high order transitions. 
Landau made a monumental contribution to our understanding of 
structural phase transitions by expanding the free energy in terms of the 
long-range order parameters, ^; t, decreases with increase in temperature 
and goes to zero at the transition temperature [1]. 
1.2. Solid Materials 
There is a comparative classification of solid materials according to 
their ability to carry electrical current at room temperature. Solids are 
divided into metals (a= lO'*- 10^ S/cm), semiconductors (10'^> a> 10''° 
S/cm) and insulators (o'< lO''*^  S/cm) [6]. The solid conductors, having 
electrons and ions contributing equally to conductivity, are mixed 
conductors. These divisions, however, are based on condition of room 
temperature. At different temperatures, the situation is different. The 
materials, for instance yttrium stabilized zirconia (YSZ), 0.92 ZrO2:0.08 
Y2O3 [7], being insulator at room temperature, have remarkable thermally 
activated conductivity at higher temperatures. Particularly, YSZ has 
conductivity by oxygen anions, and a small fraction of electrons 
participating in the conductivity. 
The high ionic conductivity in solids, such as a-AgI [6, 8,9], Ag4RbT5 
[6, 9, 10] and sodium p-alumina [9-13], approach similar values 10^-10'^  
S/cm as in liquid saU solutions or melted salts (electrolytes). Therefore, 
such materials are called solid electrolytes. Their conductivity is caused 
by delocalization of Ag^ and Na"^  cations (as in liquid) over an excessive 
number of free interstices in an immobile sublattice. The high ion 
conductivity for solid materials is rather unusual at moderate 
temperatures (20-300°C). Most of the solids show certain ion 
localization. However, in some compounds at certain temperatures, a 
phase transition is possible, where the localized cation sublattice gets 
disordered over numerous interstices. Such a phase transition is observed 
in Agl (p/a at 147°C) and Ag4Rbl5 (at -151°C). The conductivity 
spontaneously increases by several orders upon the melting of cation 
sublattice. Therefore, the term "solid electrolyte" can rather be used to 
identify a particular state of solid material, when a sort of ion is quasi 
freely (with low activation energy < 0.5 eV) moving over numerous 
available sites in the rigid sublattice based on immobile ions [9]. 
However, many other materials being ion conductors with a lower 
conductivity are also often referred to as solid electrolytes. Ratner and 
Nitzan gave a general definition of the solid electrolyte as a solid that 
exhibits characteristic ionic conductivity, more typical of liquids, lying in 
the range from 10"^  to 10'^ S/cm near ambient temperature [14]. 
A more general approach is to use the term of ion conductor, where 
the ''Solid electrolyte" is still common for materials having a high ionic 
conductivity. For instance, the term "high temperature solid electrolyte" 
has been used for YSZ, a poor conductor at room temperature (a< 10'^^ 
S/cm) [7], and having high ionic conductivity of 0.15 S/cm at lOOOT 
Ul 
1.3. Oxide Ion Conductors 
Research into ceramic solids displaying high oxide ion conductivity 
nas been gathering momentum over the past few decades, with a wide 
'•ange of materials studied (Figure I.I) [15-23]. This can be related to 
eii- technological importance in a number of applications, such as fuel 
^^ s, oxygen sensors and separation membranes. Most studies have 
^^"sed on materials with fluorite (e.g. doped Zr02, Ce02) or perovskite 
' ' ^^^^ '^'"'^"^^s [23-27]. In these materials, the key defect consists of 
^^" ^^cancies, and conduction progresses via these vacant sites. In 
some case 
^ ^^ e vacancies are ordered, which tend to result in low 
"''"^^^tivitie,. 
however 
' "Pon heating to Ingher temperatures, oxygen vacancy 
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Figurel.l. Conductivity data for selected oxygen ion conductors. 
disordering can occur, leading to stepwise increases in the conductivities, 
e.g. as observed in Ba2ln205 and Bi203 (Figure 1.1). 
Much of the research into oxide ion conductors is being driven by 
their application as electrolytes in the area of solid oxide fuel cells 
(SOFCs). SOFCs are all solid-state systems for the efficient conversion 
of chemical energy to electrical energy in fuel cells (H2 or hydrocarbon). 
At present the favored electrolyte in SOFCs is yttria-stabilized zirconia 
(YSZ). In addition to its oxide ion conductivity, this material exhibits a 
number of other good properties in terms of its use as an electrolyte, e.g. 
negligible electronic conduction over a wide range of p(02), good 
stability under SOFC operating conditions and high mechnical strength. 
However, in order to achieve sufficient oxide ion conductivity, very high 
temperatures, approaching 1000°C, are required. This places severe 
constraints on the SOFC, leading to a number of problems such as 
material degradation, reaction between components, problems with 
sealing the cell, and the need for more expensive components. The 
problem can be partially overcome by moving to increasingly thin 
electrolyte layers, which will help minimize resistive losses at lower 
temperatures, although this can lead to problems. There is therefore a lot 
of interest in developing electrolytes, which can be employed at lower 
temperatures. In this respect, other electrolytes such as doped Ce02 and 
Lao.9Sro,iGao.8Mgo.203.x (LSGM) has been proposed for use in SOFCs 
[28, 29]. 
1.4. Effect of Dopants on the Properties of Metal Oxides 
Dopants are added to a wide variety of metal oxides in order to 
modify their properties. The goal in some cases is to create or enhance 
desirable properties, while in others it is to eliminate or reduce 
undesirable effects. Acceptor-doping of Zirconia, to enhance its ionic 
conductivity, acceptor-doping of LaCoOs to make highly conducting 
oxide electrodes for thin film, ferroelectric memories, donor-doping of 
BaTiOs to create conducting grains for boundary-layer capacitors; 
acceptor-doping of BaTiOs to move its range of insulating properties to 
lower oxygen activities, acceptor-doping of alumina to make transparent 
envelopes for high intensity lights are some of the examples [30]. 
1.5. Pcrovskitc Structure 
Perovskite-type ABO3 ionic oxides have attracted considerable 
attention due to their dielectric, ferroelectric, semiconducting, 
conducting, and superconducting behavior. The electrical properties of 
this type of materials are closely related to its crystal structure and 
oxygen vacancies, which can be controlled by doping or annealing in 
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different oxygen partial pressure conditions. The influence of oxygen 
vacancies on the conductivit>' of the ABO3 ionic oxides has been 
confirmed by a number of observations. For example, for SrTiOs (ST), 
the change in the concentration of the oxygen vacancy could lead to the 
change of the electron concentration and hence make the system change 
from insulator to semiconductor, and to metallic (and superconducting) 
behavior [31]. 
The ideal perovskite structure ABO3 consists of a cubic array of 
comer-sharing BOe octahedra, where B is a transition metal cation 
(Figure 1,2). The A-site ion, interstitial between the BOe octahedra, may 
be occupied by an alkali, an alkaline earth, or a rare earth ion. In many 
cases the BOe octahedra are distorted, or tilted, due to the presence of the 
A cation, which is generally larger in size than the B cation. 
Alternatively, the perovskite structure may be regarded as cubic close 
packing of layers of AO3 with B cations placed in the interlayer 
octahedral interstices. Oxygen vacancies are free to move among 
energetically equivalent crystallographic sites as long as the perovskite 
structure exhibits ideal cubic symmetry. The degeneracy between sites 
disappears upon distortion of the lattice towards lower symmetries. The 
10 
Q A o ° ® B 
Figure 1.2. Ideal Perovskite Structure 
11 
onset of electronic conductivity mainly depends on the nature of the B-
site cation [32]. 
1.6. Conductivity in Solids 
The conductivity of oxides such as MgO is difficult to study because 
(a) they have high melting points (~2500°C) and it is difficult to grow 
pure crystals that are free from contamination at these temperatures and 
(b) the various energies for formation and migration of defects are several 
times larger than those for NaCl. Consequently, the conductivities are 
very low even at high Icmperalurcs and are often dominated by impurity 
conduction. Ion conductors are stable only at high temperatures. At 
lower temperatures they may undergo a phase transition to give a 
polymorph with a low ionic conductivity. 
Other solid electrolytes form as a consequence of a gradual increase 
in defect concentration with increasing temperature. For example, 
zirconia is a good, high temperature oxide ion conductor as the 
concentration of anion vacancies above ~ 600°C is sufficiently large [5]. 
1.6.1 Conduction Mechanism 
In ionic crystals conductivity may be described according to 
a^Xnieil-ii, (1.2) 
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where ni is the number of charge carriers, d is the charge and |Xi the 
mobility of species i. Migration of ions do not occur to any appreciable 
extent in most ionic and covalent solids, such as oxides and halides. 
Rather, the atoms tend to be essentially fixed on their lattice sites and can 
only move via crystal defects. Only at high temperatures, where the 
defect concentrations become quite large and the atoms have high 
thermal energy, does the conductivity become appreciable, e.g. the 
conductivity of NaCl at ~ 800°C, just below its melting point, is ~ 10' 
ohm''cm"\ whereas at room temperature, pure NaCl is an insulator. 
Conduction mechanism in ionic solids occurs due to creation of cation 
and anion vacancies. 
1.6.1.1. Cation Vacancy Creation 
If the replaceable cation of the host structure has lower charge than 
that of the replacing cation then in order to preserve electroneutrality 
either cation vacancies or interstitial anions are created. For example: 
NaCl dissolves a small amount of CaCb and the mechanism of solid 
solution formation involves the replacement of two Na^ ions by one Ca^ 
ion; one Na^ site therefore remains vacant. The formula may be 
written as Nai.2xCaxVxCl:0<x:^0.15 at 600°C, in which V represents a 
vacant cation site. 
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1.6.1.2. Anion Vacancy Creation 
If the replaceable cation of the host structure has a higher charge than 
that of the replacing cation, charge balance may be maintained by 
creating either anion vacancies or interstitial cations. Anion vacancies 
occur in cubic, lime-stabilized zirconia, (Zri.xCax)02-x: 0.1<x<0.2. Cubic 
zirconia has the fluorite structure and in the solid solutions with lime the 
total number of cations remains constant; replacement of Zr ^ by Ca ^ 
therefore requires the creation of oxide vacancies. The defect reaction can 
then be written as: 
CaO -> Cazr"+Oo'+Vo- (1.3) 
For rare earth oxides, such as yttrium oxide Y2O3, defect reaction can be 
written as, 
Y2O3 -^2 Yz;+ 30o^+Vo- • (1.4) 
Vo" = Oxygen vacancies 
These materials are important as refractories and as oxide ion conducting 
solid electrolytes [5]. 
1.7. Applications of Phase Transitions 
According to Goodenough [33] applications of phase transitions may 
be classified into groups: those utilizing (i) the formation and/or motion 
of mobile boundaries between two or more phases coexisting below a 
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critical temperature 7;., (ii) changes in properties at T,., and (iii) 
metastable phases obtained by control of the kinetics of nucleation or 
diffusion required for the transformation to stable phases. 
Under the first category (phase transitions at T< Tc), where one makes 
use of changes in the net material properties by control of nucleation or 
movement of domain boundaries, we have large classes of materials like 
ferroelectrics, ferroelastics, ferromagnets, liquid crystals, and 
superconductors. Optical properties of ferroelectrics, ferroelastics, and 
ferromagnets have found many applications. A typical example being the 
ferroelectric-ferroelastic Gd2(Mo04)3, with a Tc of 160°C, which is 
transparent in the visible region. Liquid crystals have been found useful 
for optical display, detection of temperature uniformity and impurities. 
The ability of superconductors to trap magnetic flux withiij the domains 
of the normal material may also have application. Two of the important 
properties, which change near Tc, are softening of an optical vibration 
mode before displacive transition, and temperature dependence of 
spontaneous magnetization in ferromagnets below T^. These properties 
are used in dielectric and pyromagnetic detectors respectively. 
Coming to properties at Tc we can conceive of uses being made of the 
latent heat of a first order transition for storing energy and regulating 
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temperature. First-order magnetic transitions could be used for 
switching. Semiconductor-metal transitions can be employed as circuit 
breakers, voltage dividers, or optical switches [1]. 
1.8. Techniques 
Phase transitions in solids are often accompanied by interesting 
changes in their properties. Several techniques are employed to 
investigate phase transitions, depending on the nature of the solid and 
properties of interest. Such studies are not only of academic value in 
understanding the structural and mechanistic aspects of phase transitions, 
but can also be of technological importance. Study of phase transitions in 
solids employs a wide range of techniques including X-ray diffraction, 
thermal measurements and electrical conductivity. 
The two important thermodynamic variables in the study of phase 
transitions are temperature and pressure. Any study of a phase transition 
would therefore involve measurements of properties as a function of 
temperature or pressure. X-ray diffraction forms an essential part of any 
study, quite apart from the other techniques one may employ. Diffraction 
cameras or diffractometer attachments with variable temperature (or 
pressure) are commercially available. The formation of hybrid crystals, 
structural intennediates or superstructures, and the existence of 
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orientational relations between the initial and transformed phases can be 
readily examined by X-ray diffraction. 
1.8.1. Thermal Analysis Techniques 
Thermal analysis comprises of a group of techniques in which a 
physical property of a substance is measured as a function of 
temperature, while the substance is subjected to a controlled temperature 
programme. In differential thermal analysis, the temperature difference 
that develops between a sample and an inert reference material is 
measured, when both are subjected to identical heat-treatments. The 
related technique of differential scanning calorimetry relies on 
differences in energy required to maintain the sample and reference at an 
identical temperature. Thermal analysis encompasses a wide variety of 
techniques such as: 
• Differential thermal analysis, DTA 
• The measurement of heating curves, 
• Dynamic adiabatic calorimetry, 
• Differential scanning calorimetry, DSC 
• Thermogravimetry, TG 
• Thermal mechanical analysis, TMA 
• Dynamic mechanical thermal analysis, DMTA 
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Differential Thermal Analysis (DTA) 
DTA involves heating or cooling a test sample and an inert reference 
under identical conditions, while recording any temperature difference 
between the sample and reference. This differential temperature is then 
plotted against time, or against temperature. Changes in the sample, 
which lead to the absorption or evolution of heat, can be detected relative 
to the inert reference. 
Differential temperatures can also arise between two inert samples 
when their response to the applied heat-treatment is not identical. DTA 
can therefore be used to study thermal properties and phase changes 
which do not lead to a change in enthalpy. The baseline of the DTA 
curve should then exhibit discontinuities at the transition temperatures 
and the slope of the curve at any point will depend on the micro structural 
constitution at that temperature. 
A DTA curve can be used as a fingerprint for identification purposes, 
for example, in the study of clays where the structural similarity of 
different forms renders diffraction experiments difficult to interpret. The 
area under a DTA peak can be to the enthalpy change and is not affected 
by the heat capacity of the sample. DTA may be defined formally as a 
technique for recording the difference in temperature between a 
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substance and a reference material against either time or temperature as 
the two specimens are subjected to identical temperature regimes in an 
environment heated or cooled at a controlled rate. 
1.8.2. X-Ray Powder Diffraction 
The occurrence of a peak in an X-ray pattern is coupled to the 
requirements of Bragg's equation, 
nA.=2dhkisin9 (1.5) 
A, = wavelength, dhki - distance between lattice planes (hkl), 0 == 
diffraction angle, hkl = Miller indices. Only if the incident beam 
impinges the lattice planes under the angle theta, diffraction can occur 
(Figure 1.3 a & b). The corresponding pattern is the presentation of the 
diffraction lines at certain angles 20, with their intensity. The positions of 
the peaks give information about the lattice parameters. In order to 
measure powder samples, it is important, that the crystallites in the 
sample are randomly oriented. The breadths of the diffraction lines (for 
example Figure 1.3b) are usually described by the full width at half 
maximum (FWHM). Together with the intensity, these parameters define 
the sharpness of the diffraction lines. Line broadening occurs, when 
many small crystallites with fewer lattice planes are present in the 
powder. 
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Figure 1.3. (a) Bragg diffraction at family of lattice planes 
(b) Example of a powder X-ray pattern. 
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The intensity of a peak is dependant on the electron density distribution, 
which in turn is determined by the spatial arrangement of the atoms; the 
crystal structure. The crystal lattice, the symmetry and the sort of atoms 
and their position define the structure itself. The peak intensity can 
therefore be an indicator for the crystallinity of the sample. With the help 
of all these information and additional parameters (e.g. contribution of 
instrumental broadening to the FWHM) it is possible to simulate a 
diffraction pattern and to obtain information about the lattice parameters 
and crystallite sizes. 
1.8.3. Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful tool 
for identifying types of chemical bonds in a molecule by producing an 
infrared absorption spectrum that is like a molecular fingerprint 
FTIR is most useful for identifying chemicals that are either organic 
or inorganic. It can be utilized to quantitate some components of an 
unknown mixture. It can be applied to the analysis of solids, liquids, and 
gasses. The term Fourier Transform Infrared Spectroscopy (FTIR) refers 
to fairly recent development in the manner in which the data is collected 
and converted from an interference pattern to a spectrum. 
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1.8.4. Conductivity Measurement 
Temperature dependence of ionic conductivity is usually given by the 
Arrhenius equation, 
a=Aexp(-Ea/RT), (1.6) 
where Ea is the activation energy, R the gas constant and T the 
absolute temperature. The pre-exponential factor. A, contains several 
constants. A schematic Arrhenius plot of log a against 1/T for alkali 
halide where vacancy migration is the predominant mechanism, three 
nearly linear regions are generally seen: (i) the intrinsic region between ~ 
427°C and the melting point governed by the formation of Schottky 
defects and migration of cation and anion vacancies, the latter near the 
melting point; (ii) the extrinsic region between ~277°C and ~ 427°Cdue 
to migration of cation vacancies; and (iii) the association region between 
~127°C and ~227°C representing association of impurities with 
oppositely charged vacancies and cation vacancy migration. I'rom the 
slopes of the linear regions, energies associated with various processes 
can be readily estimated. Thus, E, = E^m+ Es/2, En = E^n,, and Em =E*'^ n,+ 
E/2, where Es is the energy of formation of a Schottky pair, Em is the 
cation migration energy, and E is the association energy between the 
impurity and an oppositely charged vacancy. Unlike in alkali halides, in 
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silver halides interstitial cation migration is the dominant mechanism of 
conduction [1]. 
1.9. Chemistry of Oxides 
1.9.1 Zirconium dioxide (ZrOi) 
At ambient pressure zirconium dioxide exists in three modifications 
(Figure 1.4a). At room temperature only the monoclinic form is stable 
(besides the high pressure orthorhombic I and II structure). Tetragonal 
and cubic structures are found at higher temperatures (1160°C and 
2300°C respectively), although both can be quenched to ambient 
conditions. The three polymorphs are closely related to the cubic fluorite-
type structure (Figure 1.4b). Cubic Zr02 crystallizes in an fee structure 
with Zr surrounded by 8 oxygen atoms. In principle, the same 
coordination number, but a longer c-axis is found for t-Zr02. In the 
monoclinic phase (baddeleyite) seven oxygen atoms (CN 7) surround one 
Zr (IV). McCuUough and Trueblood and others have described the 
baddeleyite structure, in 1959 as well [34]. The Zr atom exists in 
sevenfold coordination, whereas the oxygen atoms exist either in 
tetrahedral or triangular coordination (Figure 1.4c). Thus the structure is 
an alternation fluorite-like layer. The eightfold coordination of Zr"^ ^ of 
tetragonal Zr02ions is shown in (Figure 1.4d). 
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Figure 1.4a. Phase diagram of ZrO:. 
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Figure 1.4b. Schematic fluorite-type structure (a) idealized m-Zr 
(b) t-Zr02, (c) c-Zr02 [35]. 
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Figure 1.4c. Crystal structure of baddeleyite 
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Figure 1.4d. Crystal structure of tetragonal ZrOj. 
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1.9.2. p- Manganese oxides (p- MnOi) 
P" Mn02 has a rutile structure shown in Figure 1.5 and belongs to the 
space group P42/fnnm.ThQ corresponding unit cell data are a=b=4.396A, 
c = 2.871A, taken from the JCPDS data file 12-714 [36]. 
ua 
Mn O 
Figure 1.5. Crystal structure of p - MnO: 
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1.9.3. Copper oxide (CuO) 
CuO has a monoclinic structure and belongs to the space group 
C12/cl. The corresponding unit cell data were taken from the IDSD data 
file 16025. This structure has three different axes lengths. A copper atom 
is surrounded by four oxygen atoms in a quadratic-planar coordination 
(Figure 1.6). Thereby, two opposing oxygen atoms have the same 
distances from the central copper atom, namely 1.9509A or 1.961 A. The 
nearest copper atom is located at a distance of 2.9007 A [39]. 
T 
02-
Figure 1.6. Crystal structure of CuO. 
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1.9.4. Lead Tetraoxide (Pb304) 
At room temperature Pb304 crystallizes to a tetragonal structure shown 
in figure 1.7 with space group P42/mbc ~ D4h [37]. The lattice constants 
taken from the JCPDS (8-19) are, a = 8.815 A, c = 6,565 A. 
U 
Ca 
; 
/ 
^ 
®-
-0 
o 
Figure 1.7. Crystal structure of Pb304. 
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1.9.5. Lead Monoxide (PbO) 
The low-temperature phase of lead monoxide, which is 
thermodynamically stable at room temperature, has the form of distorted 
tetragonal CsCl structure with space group P4/nmm-D4h' The axes at 
ITC are a = 3.974A and c= 5.021 A [38]. Each lead atom is bound to 
four oxygen atoms forming a square pyramid with a lead atom at the 
apex, with Pb-O distances of 2.32 A. The other four oxygen atoms are at 
4.32A. Four lead atoms surround each oxygen atom tetrahedrally. 
o 
Qoxyg en 
O Lead 
Figure 1.8. Crystal structure of PbO. 
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1.9.6. Lithium Oxide (LizO) 
Lithium oxide Li20, also known as Lithia, is one of the main 
components of high - resistant or conductivity glasses (e.g, Li2CH-Bi203) 
in which the alkali oxide lowers the melting point of silica. Li20 was also 
proposed as a material for breader blankets in deuterium-tritium fusion 
reactors of the future. From the chemical point of view, Li20 is a 
prototype for solids with highly ionic bonding. Lithium oxide has cubic 
crystal structure shown in figure 1.9 with lattice contants a = 4.6 lOA [40, 
41]. 
Figure L9. Crystal structure of Li20. 
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1.9.7. Calcium Oxide (CaO) 
Calcium oxide is an important material used for construction work and 
in steel manufacturing. Lime is also utilized for arsenic removal, as 
softener in drinking water, and for flue gas treatment [42, 43]. Calcium 
oxide is stable in the Bi or a rhombohedrally distorted Bi (r-Bi) 
structure. 
Figure 2.0. Crystal structure of CaO. 
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'The work present in this chapter has been accepted for publication in 
Inorganic Materials. 
CHAPTER 2 
2.1. Introduction 
Oxide materials that exhibit high ionic conductivity have attracted 
considerable attention for many years owing to both the range of 
applications (such as fuel cells, gas sensors, batteries, catalysts) and 
fundamental fascination of ionic transport in the crystalline solids [1-7]. 
The most well characterized, and perhaps the best understood of all 
the fast oxygen ion conductors are those based on the doped fluorite 
oxides. These materials are not fast oxygen ion conductors until they are 
doped with aliovalent cations. By doping with lower valent cations, 
vacancies are created on the oxygen lattice and the high temperature 
phases are retained at room temperature. At ambient pressure pure Zr02 
exists in three basic polymorphs: cubic {FmSm fluorite), tetragonal 
{P42/nmc, distorted fluorite) high temperature phases and a monoclinic 
(P2i/C) phase stable at room temperature [8-12], 
Doping of Zr02 with MnOj at 900°C, leads to Mn^^ ions occupying 
Zr"*^  sites as MnOa gets transformed to Mn203 on heating around 550°C. 
This results in to creation of oxygen vacancies. 
Manganese oxide (Mn02) exists in several polymorphic forms having 
density ranging from p = 4.2 to 5.19gcm'l The naturally occurring form. 
38 
pyrolusite, with rutile structure (space group P42/mnm), have a density of 
5.19 gcm'^  [13]. Reported high pressure and high temperature studies 
using Diamond Anvil Cell (DAC), with laser heating, on Mn02 up to 
35GPa and 1000°C have shown that Mn02 transforms from p-type to a-
type Pb02 structures by quenching from 17.5GPa and 1000°C. This type 
of structure is also found in Ti02, Zr02, and Sn02 etc. at high 
temperatures. 
This chapter presents the influence of different percentages of Mn02 
on the crystal structure of Zr02 and the phase transition in Mn02 doped 
Zr02. The phase relationship of sample series of doped and undoped 
materials was also examined by DTA, X-ray powder diffraction and FT-
IR spectral studies. 
2.2. Experimental 
2.2.1. Sample preparation 
Zr02 (Aldrich 99.99% pure) and MnOj (Aldrich 99.99% pure) were 
used as such. Samples of various molar ratios of Zr02:Mn02 (1:0, 1:0.02, 
1:0.04, 1:0.06, 1:0.08 and 0:1) were mixed and grinded in an agate 
mortar. These materials were then pressed into pellets of diameter 2.4cm 
and the thickness 0.1cm by applying a pressure of 0.49 GPa with the help 
of a hydraulic press (Spectralab Model SL-89) and then annealed in air at 
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900°C for 25 hours in a muffle furance. 
2.2.2. Conductivity measurements 
The a.c.conductivity measurements were performed by means of the 
two-probe method. The electrical conductivity of the samples was 
measured in the temperature range 30-720°C using a GENRAD 
1659RLC Digibridge at different frequencies (10 kHz, 1 kHz, 120 Hz, 
100 Hz). The rate of heating was maintained at l°C/min. 
2.2.3. Differential thermal analysis 
Differential thermal analysis was performed by Perkin Elmer Pyris 
Diamond TG/DTA and the heating rate was 20°C per minute. For each 
experiment, 10 ~ 15 mg of sample was used. 
2.2.4. X-ray powder diffraction 
X-ray powder diffraction data were recorded at room temperature on 
an automated Philips PW1050/30 X-ray diffractometer; using Ni filtered 
CuKa radiation (X =1.5418A), in flat plate 0/29 geometry. 
2.2.5. Fourier-transform infrared spectroscopic studies 
The Fourier-transform infrared transmittance spectra were recorded in 
the range from 4000-400cm'' by Magna 550 Series Nicolet USA 
spectrometer. A small amount of each sample was mixed with KBr 
powder and pressed into pellets for FT-IR measurements. 
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2.3. Results and Discussion 
2.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation, 
o -ne\V/kTexp(-AG*/kT) (2.1) 
= n e ^ V k T e x p (AS*/k-AH*/kT) (2.2) 
where n is the number of ion per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the 
intersite geometric constant and AG*, AS*and AH* are the activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as, 
aT=aoexp(-Ea/kT) (2.3) 
Oo being equal to ne^ X,^ VY /k exp ( AS*/k ) and AH* =Ea ; the activation 
enthalpy equals the experimental activation energy for ionic motion[14]. 
Since Mn02 gets transformed irreversibly to Mn^Oi on heating above 
540°C [13J, manganese is present as Mn"'' in the Mn02 doped ZrOa 
samples. Thus doping of Zr02 is achieved by substitution of the host 
cation by lesser valent Mn and this leads to creation of oxygen 
vacancies. Figure 2.1 shows the rise in isothermal conductivity as the 
level of substitution increases. Increasing the Mn02 concentration leads 
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to the introduction of more vacancies in the lattice and hence 
results in higher conductivity. 
Electrical conductivity measured at 10 kHz, of various 
compositions of ZrOz: MnOj (1:0, 1:0.02, 1:0.04, 1:0.06, 1:0.08 
and 0:1) is plotted against temperature in Figure 2.2. The 
conductivity variations for various compositions follow a 
uniform pattern. As is evident from figure 2.2, all compositions 
show an initial rise in conductivity with increase in 
temperature till 220°C and thereafter show a decreasing trend. 
This initial increase in conductivity with rise in temperature is 
due to increase in rate of migration of vacancies [15] and 
resultant hopping of oxygen ions into neighboring vacant sites. 
The drop in conductivity beyond 220°C is due to collapse of 
the fluorite framework, since on cooling the higher conductivity 
is regained and no significant hystersis observed (Figure 2.3). 
This supported the argument of lattice collapse, and its 
subsequent recovery on cooling, employing restructuring of the 
sublattice. Such type of decrease in conductivity has been 
reported for K^ doped Ag2Hgl4 [16], Na2S04 [17] and K2SO4 [18] 
as well. 
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Figure 2.1. Compositional variation of room temperature 
conductivity of Mn02-Zr02 system. 
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Pure ZrOi shows a second rise in conductivity from about 460°C due to 
its phase transition from monoclinic phase to tetragonal phase [19]. All 
the doped samples studied by us also show a second rise in conductivity 
but at slightly higher temperatures. This second rise in conductivity in the 
doped samples is also due to the phase transition of Zr02, from 
monoclinic form to tetragonal. The increase in the transition temperature 
with increase in Mn02 is due to the interaction of Mn02 with Zr02. 
Pure Mn02 shows an increase in the rate of increase of conductivity 
with rise in temperature around 540°C because of its transformation into 
Mn203. But such behavior is not observed in the doped samples, as Mn02 
had already been converted irreversibly to Mn203 during doping. 
Conductivity variations with temperature for all the samples have also 
been studied at 1 kHz, 120 Hz and 100 Hz. It is found that the change in 
frequency does not induce any change in the conductivity behavior. 
The energy of activation has been calculated for various compositions 
in the temperature range 60-100°C and 520-720°C for the various molar 
ratios and shown in Table 1. In the lower temperature range Ea is found 
to show a significant increase on the addition of 2% Mn02, after which 
small gradual rise is observed on the further addition of Mn02. Whereas, 
in the higher temperature range, Ea increases sharply with increase in 
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concentration of Mn02 till 6% Mn02, after which it becomes almost 
constant. 
Table 1 
Activation energy for various molar ratios at different temperature ranges 
mnl% nf MnO^ 
0 
2 
4 
6 
8 
Activation Energy (ev) 
Eai Ea2 
0.36 0.52 
0.41 0.60 
0.41 0.69 
0.42 0.77 
0.49 0.77 
2.3.2. Differential thermal analysis 
DTA was carried out for Zr02, Mn02 and Mn02 doped Zr02 samples 
(Figure 2.4). Transition of Mn02 to Mn203 is reported to start at 550°C 
[13, 20], which is confirmed by an exothermic peak at 540°C in the DTA 
curve of pure MnOa- The phase transition of ZrOi from monoclinic to 
tetragonal, which starts at 460°C is shown by an exothermic peak and is 
completed at temperatures aroundl 160°C, which is signified by an 
endothermic peak (not shown in the Figure 2.4)[21, 22]. But the doped 
samples show only a single exothermic peak between temperatures 
ranges 473-493°C, which corresponds to the onset of phase transition of 
Zr02 and no peak, is observed at 540°C signifying the conversion of 
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Figure 2.4. DTA curves for MnOz- ZrOz system. 
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Mn02 to Mn203, as MnOi had already been irreversibly converted to 
Mn203 during doping. 
2.3.3. X-ray powder diffraction 
The room temperature X-ray pattern of Mn02 doped Zr02 after 
annealing at 950°C is show n^ in Figure 2.5. The XRD lines are attributed 
to the tetragonal and the monoclinic phases of Zr02, and to some extent 
to Mn203, because Mn02 in the doped samples had already been 
converted irreversibly to Mn203 during doping. The presence of 
tetragonal phase at low temperatures is related to the presence of dopants. 
Upon increasing the concentration of dopant, the tetragonal Zr02 
gradually increases. It may therefore be concluded, that the phase 
composition is not only influnced by the temperature but also by the 
presence of dopants. The data were fitted to the model for Zr02 and 
Mn203 given in references [23, 24]. All samples were fitted to a mixture 
of tetragonal (marked by T) and monoclinic (marked by M) forms of 
Zr02. 
2.3.4. Fourier-transform infrared spectroscopic studies 
The FT-IR transmittance spectra have been recorded for the Zr02 and 
ZrOo - MnOo doped samples in the range of 4000 - 400cm'' as shown in 
Figure 2.6. The FT-IR active modes for Zr02 are shown in Ref [25]. The 
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FT-IR studies support the assertion that as Mn02 percentage increases, 
there is a shift in the position of wave number (frequency) towards high 
side indicating greater stretching (Figure 2.6). The FT-IR of MnOa was 
recorded at room temperature, exhibiting a strong characteristic 
absorption band at ~ 588.635cm"\ The FT-IR spectra of all the Mn02 
doped Zr02 (Figure 2.6) at room temperature indicate the absorption at 
759, 1156, 1628, and 3426 cm'' and these bands coincide well with 
characteristic wave numbers of Zr02. 
2.4. Conclusion 
Electrical conductivity of Zr02 increases with increase in Mn02 
substitution. The conductivity increases with rise in temperature due to 
rise in rate of migration of vacancies and after attaining a maximum at 
220°C decreases due to collapse of the fluorite framework. In all the 
doped samples, phase transition of Zr02 from monoclinic form to 
tetragonal form, signified by a rise in conductivity and an exothermic 
peak in the DTA, lakes place above 460°C, The degree of shift gets more 
significant with increase in concentration of Mn02. 
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CHAPTERS 
3.1. Introduction 
Zirconia and ZrOa containing materials find a wide range of 
application in foundry refractories, ceramics, abrasives and paint 
pigments.Tough, wear resistant, zirconia has been developed for 
applications such as extrusion dies, piston caps, and machinery wear 
parts amongst others [1]. Due to their excellent mechanical properties [2, 
3] and high sinterability, yttria doped tetragonal zirconia polycrystalline 
materials are often preferred in structural applications. At 2680°C it 
is cubic phase which crystallizes from the melt and transforms to a 
tetragonal phase at 2300°C which in turn transforms to the 
monoclinic form between 950 and 1150°C [4].The insertion of Y2O3, 
CaO, MgO or Ce203 into the crystal structure is known to stabilize 
the high temperature phases of zirconia even at low temperatures [5,6]. 
Presences of aliovalent ions (impurties and dopants) change the 
concentration of defects. Dissolution of CuO in the fluorite phase of Zr02 
leads to Cu^^ ions occupying Zr"*^  sites, and an, effectively positively 
charged oxygen vacancy is created for each Cu^^ ion present in order to 
preserve electroneutrality. The defect equation can b^ ;ipittdr:in the 
Kroger- Vink notation as: 
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CuO->Cu"zr + 0''o + V--o (3.1) 
This chapter presents the study of variation of electrical conductivity 
as a function of temperature in Zr02 doped with different mol % of CuO, 
The phase relationships of sample series of doped and undoped materials 
were also examined by DTA, X-ray powder diffraction and FT-IR 
spectral studies. 
3.2. Experimental 
3.2.1. Sample preparation 
Zr02 (Aldrich, purity 99.99%) and CuO (Aldrich, purity 99.999%) 
were mixed in an agate mortar in various compositions (1, 2, 3, 4 and 5-
mol% of CuO) in an agate mortar. Pellets of above compositions were 
prepared by applying a pressure of 0.49GPa with the help of a hydraulic 
press (Spectralab Model SL-89). The pellets of diameter 2.4cm and 
thickness 0.1cm were annealed in air at 1000°C for 25 hours. 
3.2.2. Conductivity measurements 
The a.c. conductivity measurements were performed by means of the 
two-probe method. The conductivity of the samples was measured in the 
temperature range 40-800°C using a GENRAD 1659RLC Digibridge. 
Conductivity variations with temperature for all the samples have been 
studied at different frequencies (10 kHz, 1 kHz, 120 Hz and 100 Hz). The 
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rate of heating was maintained at l°C/min. 
3.2.3. Differential thermal analysis 
Differential thermal analysis was performed by Perkin Elmer Pyris 
Diamond TG/DTA in air and the heating rate was 20°C per minute. For 
each experiment, 1 0 - 1 5 mg of sample was used. 
3.2.4. X-ray powder diffraction 
X-ray studies were recorded using Bragg - Bretano Siemens D 5000 
diffractometer; using Ni- filtered CuKa radiation {X = 1.54060 A) with 
monochromatic beam. 
3.2.5. Fourier- transform infrared spectroscopic studies 
IR spectra were recorded in transmittance mode on Magna 550 series 
Nicolat USA spectrophotometer. Samples were diluted (1% by weight) in 
dry KBr and scanned over range 4000-600 cm"'. 
3.3. Results and discussion 
3.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne\^vy/kTexp (-AG*/kT) (3.2) 
= neWy/kTexp (AS*/k-AH*/kT) (3.3) 
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where n is the number of ions per unit volume, e the ionic charge, A, the 
distance between two jump positions, v the jump frequency, y the 
intersite geometry constant and AG*, AS* and AH* are the activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as, 
oT-ooexpC-Ea/kT) (3.4) 
o o ^ % 
Go being equal to ne A, vy/kexp (AS /k) and AH = Ea; the activation 
enthalpy equals the experimental activation energy for ionic motion [7]. 
Doping of ZrOa is achieved by substitution of the host cation by lesser 
valent Cu and this leads to creation of anionic vacancies. Creation of 
more and more vacancies give rise to increased vacancy migration and 
thus result in higher conductivity [8]. Figure 3.1 shows the rise in 
isothermal conductivity at room temperature as the level of substitution 
increases. 
The size of Cu^^ and Z/'^ are 0.74 A and 0.79A respectively. It has 
been shown that the good oxygen ion conductors are highly desirable 
when the lattice is as undisturbed as possible, and this is possible when 
the sizes of host and dopant ions are very close [4]. 
The variations in conductivity with temperature at 10 kHz for Zr02, 
CuO and the various doped samples are shovra in Figure 3.2, It may be 
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Figure 3.1. Compositional variation of room temperature 
conductivity of CuO -Zr02 system. 
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seen that the conductivity variations for the various compositions follow 
a uniform pattern. As is evident from the figure, all compositions show 
initial gradual increase in conductivity with rise in temperature till 220T 
and thereafter show a decreasing trend. This increase in conductivity with 
rise in temperature is due to increase in rate of vacancy migration. The 
drop in conductivity beyond 220° C is due to collapse of the fluorite 
framework, since on cooling, the higher conductivity is regained and no 
hysteresis is observed (Figure 3.3). This supported the argument of lattice 
collapse and its subsequent recovery on cooling, employing restructuring 
of the sublattice. Such type of decrease in conductivity has been reported 
earlier [10-12] . 
Pure Zr02 is found to show a rise in conductivity from about 460°C, 
due to the gradual transition of monoclinic phase to tetragonal phase 
(Zr02 is reported to undergo a phase transition which starts at about 
460°C from monoclinic to tetragonal [6, 13]).The doped samples also 
show a second rise in conductivity but at temperatures beyond 460°C. We 
therefore conclude, that, this second rise in conductivity in the doped 
samples is also due to the phase transition of ZrOi. 
Conductivity variation with temperature for all the samples has 
also been studied at 1 kHz, 120 Hz and 100 Hz as well, and it was 
60 
Ui 
in 
pi 
D 
9 
2 -
0 -
• 1 -
-3 -
•4 -
TfC) 
733 500 
\ 
—r-
1.0 
-L 
393 26D 
• 
200 
_ l _ 
120 
I 
60 
_l_ 
— • — CuO 
— • — 5W CuO 
- 1 — 4 % CuO 
—IT— 3W CuO 
— # — 2W CuO 
— 1% CuO 
^ w — ZrOj 
—r-
1.5 
—r-
2.0 
— T " 
2J 
io'yT(K'') 
Figure3.2.The temperature dependence of electrical conductivity 
of CuO-ZrOa system. 
61 
-2.0 
4 
• 
Heating mode 
Cooling mode 
Ni::::::!-
_ \ . 
^ . 
1.0 1.5 2.0 
10'yT(K') 
25 3.0 
Figure 3.3.The temperature dependence of electrical conductivity 
of CuO -ZrOi system in heating and cooling mode with 
higher dopant content (5% CuO). 
62 
found that the change in frequency does not induce any change in the 
electrical conductivity behavior. 
The activation energies, Eai and Ea2 for the temperature ranges 500°C 
- 640°C and 660°C - 880°C have been calculated and shown in Table 1. 
A commonly accepted method to study the non-linear Arrhenius behavior 
is to fit the experimental data by two straight lines, one each in the lower 
and the higher temperature ranges. The low temperature phase has lower 
activation energy than the high temperature phase. Since Ea = AH*inigration 
+ Vi AH* defect formationj the value of Ea in the high temperature phase is 
higher because of defect formation enthalpy contribution [9]. 
Table 1 
Activation energies for various molar ratios at different temperature ranges 
mol% ofCuO 
0 
1 
2 
3 
4 
5 
Activation Energy (ev) 
Eai 
(500"C - 640"C) 
0.57 
0.62 
0.62 
0.65 
0.69 
0.70 
(660' 
Ea2 
'C-880"C) 
0.93 
0.91 
0.92 
0.94 
0.94 
0.99 
3.3.2. Differential thermal analysis 
The results of DTA (Figure 3.4) support the above argument. For 
pure Zr02, it shows an exothermic peak at 460°C, which is a 
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confirmation of the phase transition in Zr02 from monoclinic phase to 
tetragonal phase, reported earlier [14]. DTA curves of all the doped 
samples show a slight shift in the exothermic peak towards higher 
temperatures side, which suggests a shifting of the transition 
temperature to higher side in the doped samples. 
3.3.3. X-ray powder diffraction 
The X- ray data recorded at room temperature, of CuO doped Zr02 
after annealing at 800°C is shown in Figure 3.5. The data could not be 
adequately modeled on the monoclinic (marked by m) structure of Zr02 
[15], as the high temperature phases are said to be retained at lower 
temperature by doping with lower valent cations [16]. 
3.3.4. Fourier-transform infrared spectroscopic studies 
FT-IR spectra of Zr02, CuO and doped samples having 1, 3, and 
5-mol% of CuO are given in Figure 3.6. The doped samples clearly 
indicate the presence of Zr02 characterized by the absorption bands 
759, 1156 and 3426cm"' which has been earlier reported [17]. These 
bands coincide well with characteristic wave numbers of Zr02. The peak 
at 3426cm"\ characteristic of Zr02, is also found in the doped samples, 
but with reduced intensity. However, in 3% and 5% CuO samples this 
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peak is more significant as compared to that inl%CuO, due to higher 
concentration of CuO (CuO is found to give a peak in this region). The 
1634cm"* peak of CuO is present in 5% CuO but absent in 1% and 3% 
CuO samples, due to lower concentration of CuO. The ZrOa peaks at 
1156, 759 and 579 are also found in the doped samples but with 
decreased intensities. 
3.4. Conclusion 
On doping with CuO, the electrical conductivity of Zr02 is found to be 
enhanced considerably between 40°C and 300°C, due to creation of 
oxygen ion vacancies and hopping of oxygen ions into neighboring 
vacancies. At room temperature the electrical conductivity rise with 
increase in CuO but at higher temperatures maximum conductivity is 
observed for 1% CuO. Phase transition of Zr02 from monoclinic to 
tetragonal form which starts at 460^0 is confirmed by a sharp rise in 
conductivity and by an exothermic peak in DTA curves. But in the doped 
samples, Zr02 is found to undergo this phase transition above 460°C. No 
effect of change in frequency was observed on the electrical conductivity 
behavior. The activation energy is also found to increase with rise in 
concentration of CuO. 
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CHAPTER 4 
4.1. Introduction 
In early twentieth century pure zirconia (ZrOi) was of very limited 
interest as a structural or engineering ceramic, and its use was restricted 
to refractory applications. Zr02 has other intrinsic physical and chemical 
properties, including hardness, chemical inertness, ionic conductivity, 
electrical properties and high melting temperature, that make it attractive 
as an engineering material and the focus of continued effort to understand 
and improve its mechanical behavior [1-2]. 
At ambient pressure, pure Zr02 exists in three basic polymorphs: cubic 
(Fm3m fluorite), tetragonal {P42/nmc, distorted fluorite) high temperature 
phases and a monoclinic {P2i/c) phase stable at room temperature. Zr02 
doped with lower valent cations are technologically important, e.g., with 
respect to its high ionic conductivity [3-5]. 
Anionic conductivity of Zr02 arises from oxygen exchange jumps 
into neighboring empty sites. Although pure ZrOa does not show high 
oxide-ion conductivity, divalent or trivalent oxide - doping enhances the 
conductivity, because of the increase in the oxide-ion vacancy 
concentration in the fluorite structure [6, 7]. Several attempts have been 
made to explain this nonmonotonic behavior of the conductivity in doped 
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zirconia's in terms of ordering and clustering tendencies between 
vacancies, oxygen ions, and dopant ions [8]. 
Trilead tetroxide Pb304 is a bright orange red compound, which 
occurs naturally as the mineral, minium. Pb304 has been used in batteries 
and ceramics and is also widely used in corrosion resistant oil based 
paints [9]. Pb304 (called red lead) has the metal in II and IV oxidiation 
states and behaves as a mixture of 2PbO + PbOj [10, 11]. 
This chapter presents the study of variation of electrical conductivity 
of Zr02 doped with Pb304 as a function of temperature and compositional 
variation for a sample series. The phase relationships and doping effect 
were also examined by DTA and X-ray powder diffraction. 
4.2. Experimental 
4.2.1. Sample preparation 
Zr02 (Aldrich, 99.99 % pure) was doped with 1, 2, 3, 4, 5 and 6-mol% 
of Pb304 (Pb304 was prepared along with the prescription as given in ref 
[12]). The materials in the above ratios were mixed and grinded in an 
agate mortar and then pressed at a pressure level of 0.49GPa with the 
help of hydraulic press (Spectralab Model SL-89) to prepare the pellets 
having diameter of 2.4cm and thickness 0.1cm. The pellets were then 
annealed in a muffle furnace at 850°C for 28 hours. 
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4.2.2. Conductivity measurements 
The a.c, conductivity measurements were performed in the 
temperature range 40-800°C using a GENRAD 1659RLC Digibridge at 
different frequencies (10 kHz, 1 kHz, 120 Hz, 100 Hz) by means of the 
two-probe method. The rate of heating was maintained at l°C/min. 
4.2.3. Differential thermal analysis 
Differential thermal analysis was recorded on Perkin Elmer Pyris 
Diamond TG/DTA in air, and the heating rate was 20°C/min. 
4.2.4. X-ray powder diffraction 
X-ray studies were recorded using RINT 1200 Rigaku X-ray 
diffractometer; using Ni- filtered CuKa radiation (X = 1.54060 A) with 30 
kV, 40 mA current. 
4.3. Results and discussion 
4.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by 
the Arrhenius equation, 
a = ne^?.^vy/kTexp(-AG*/kT) (4.1) 
= ne^A-^vy/kTexp(AS*/k-AH*/kT), (4.2) 
where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the 
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intersite geometry constant and AG*, AS* and AH* are the activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as 
aT= aoexp(-Ea/kT) (4.3) 
Qo being equal to nQWy/k exp (AS*/k) and AH*= Ea; the activation 
enthalpy equals experimental activation energy for ionic motion [13]. 
Doping of Zr02 is achieved by substitution of the host cation by lesser 
valent Pb^^ and this leads to creation of anionic vacancies. Creation of 
vacancies give rise to migration of vacancies and thus result in higher 
conductivity [14]. Moreover, the conductivity also rises due to 'lattice 
loosening effect' [15-17]. The introduction of larger Pb^^ ion (rpb^^= 1.20 
A and rz/^ = 0.79 A) generates additional free volume and weakens the 
lattice bonding forces, which permit greater facility to oxygen mobility. 
This is why the Pb304-doped-Zr02 possesses a higher conductivity prior 
to phase transition than the pure Zr02. Increasing the Pb304 
concentration leads to the introduction of more anionic vacancies in 
the lattice, and hence, results in increase in the electrical conductivity. 
Figure 4.1 shows the rise in isothermal conductivity measured at 10 kHz 
as the level of substitution increases at room temperature. 
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Figure 4.1. Compositional variation of room temperature 
conductivity of Pb304 -Zr02 system. 
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The variations in conductivity with temperature at 10 kHz for ZrOa, 
Pb304 and various doped samples (I, 2, 3, 4, 5 and 6-mol% of Pb304) are 
shown in Figure 4.2. From the figure it can be observed that all the 
compositions exhibit similar electrical conductivity behavior. The 
conductivity of the doped samples increases with rise in temperature, 
attains a maximum at 180°C and then decreases. The initial increase in 
conductivity with rise in temperature arises due to increase in rate of 
hopping of oxygen and migration of vacancies. 
The drop in conductivity beyond 180°C is due to collapse of the 
fluorite framework, since on cooling, the higher conductivity is regained 
and no hysteresis is observed (Figure 4.3). This supported the argument 
of lattice collapse, and its subsequent recovery on cooling, employing 
restructuring of the sublattice. Such type of decrease in the conductivity 
has been reported earlier [17-19] 
The electrical conductivity of Zr02 shows a second rise at 460°C due 
to its phase transition from monoclinic to tetragonal form, which starts 
around 460°C and is completed around 1160°C. All the doped samples 
studied by us, also show a second rise in conductivity due to phase 
transition of Zr02 but at temperatures above 460°C.This shift in transition 
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temperature increases with rise in Pb304 concentration. It is therefore 
concluded that in the doped samples phase transition of Zr02 is shifted to 
higher temperatures due to interaction between Pb304 and Zr02. 
Conductivity variations with temperature for all the samples have been 
studied at 1 kHz, 120 Hz and 100 Hz as well, and it was found that the 
change in frequency does not induce any change in the electrical 
conductivity behavior. 
The activation energies Eai and Ea2 for the temperature ranges 120°C ~ 
180°C and 500°C - 720°C have been calculated and shown in Table 1. A 
commonly accepted method to study the non-linear Arrhenius behavior is 
to fit the experimental data by two straight lines, one each in the lower 
and the higher temperature ranges. The low temperature phase has lower 
activation energy than the high temperature phase. Since Ea = AH*n,igration 
+ V^ AH*defect formation, the valuc of Ea in the high temperature phase is 
higher because of defect formation enthalpy contribution [20]. 
79 
Table 1 
Activation energies for various molar ratios at different temperature ranges 
Activation Energy (ev) 
moI%ofPb304 
1 
2 
3 
4 
5 
6 
Eai 
(120°C-180' 
0.28 
0.26 
0.32 
0.33 
0.37 
0.37 
»C) 
Eai 
(500"C-720"C) 
0.79 
0.88 
0.89 
1.05 
1.08 
1.08 
4.3.2. Differential Thermal Analysis 
DTA curves are illustrated in Figure 4.4. DTA curve of pure Zr02 
shows a sharp exothermic peak at 460°C since the phase transition of 
Zr02 from monoclinic to tetragonal form starts at 460°C and is 
completed at 1160°C [21, 22]. However, it is of interest to see the 
influence of Pb304 on the crystallization of Zr02 from monoclinic to 
tetragonal phase. Figure 4.4 shows that the exothermic peak due to the 
phase transition in pure Zr02 appears at 460°C, while for Pb304-doped-
Zr02 samples it shifts to higher temperatures because of interaction 
between Pb304 and Zr02. The shift increases with increasing Pb304 
content. Consequently, the exothermic peaks appear at 500, 588, 609, 
610, 611 and 618°C for 1, 2, 3,4, 5 and 6-mol% of Pb304 respectively. 
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4.3.3. X- Ray Powder Diffraction 
The Pb304-Zr02 system annealed at 850°C consists of a mixture of two 
phases: tetragonal and monoclinic, as it can be inferred from the presence 
of three diffraction peaks in the region 26°C to 32°C (Figure 4.5). These 
XRD lines are attributed to the tetragonal phase and the monoclinic phase 
[23]. The intensity of the peak for tetragonal Zr02 is low in pure Zr02, 
but on doping with Pb304, it increases significantly. This is due to the 
fact that the tetragonal phase is known to be retained at low temperatures 
on doping [24]. The new peaks, which appear in the doped samples, 
show the presence of Pb304 in samples. It may be therefore concluded 
that the phase composition is not only influenced by the temperature but 
also by the presence of dopants. 
4.4. Conclusion 
Electrical conductivity of Pb304 doped Zr02 rises initially with increase 
in Pb304 concentration due to creation and migration of oxide ion 
vacancies. The phase transition of Zr02 from monoclinic to tetragonal at 
- 460°C is confirmed by a rise in conductivity as well as by an 
exothermic peak in DTA. No effect of change in frequency was observed 
on the electrical conductivity behavior. The Activation energy is also 
found to increase with increase in concentration of Pb304. 
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CHAPTER 5 
5.1. Introduction 
Zirconia, Zr02, has attracted much interest since it has proven useful as 
refractory material, structural ceramics, high temperature solid electrodes 
and optical materials. Pure Zr02 crystallizes in the so-called baddeleyite 
structure monoclinic (P2i/c) under ambient conditions. At high 
temperatures, it transforms to a tetragonal {P42/nmc), and then to a cubic 
fluorite structure (Fm3m).ThQ tetragonal and cubic phases of ZrOi are 
stabilized by doping with other oxides like CaO, MgO and Y203[l-5]. 
Anionic conductivity of Zr02 arises from migration of vacancies. 
Although pure Zr02 does not show high oxide-ion conductivity, divalent 
or trivalent oxide - doping enhances the conductivity, because of the 
increase of the oxide-ion vacancy concentration in the fluorite structure 
[6, 7]. 
Dissolution of PbO in the fluorite phase of Zr02 leads to Pb"^ ^ ions 
occupying Zr'*"^  sites, and an effectively positively charged oxygen 
vacancy is created for each Pb ion present to preserve electroneutrality. 
The defect equation can be written in the Kroger- Vink notation as: 
PbO^Pb"zr+0^o+V o (5.1) 
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Although the number of vacancies increases monotonically with 
dopant concentration, ionic conductivity in the doped zirconia always 
exhibits a maximum for some critical dopant composition, with 
significantly decreased conductivity for lower and higher dopant levels. 
Several attempts have been made to explain this nonmonotonic behavior 
of conductivity in the doped zirconias in terms of ordering and clustering 
tendencies between vacancies, oxygen ions and dopant ions [8]. 
This chapter presents the study of variation of electrical conductivity 
of Zr02 doped with PbO as a ftmction of temperature and composition 
for a sample series. The phase relationships of sample series of doped 
and undoped materials were also examined by DTA and X-ray powder 
diffraction. 
5.2. Experimental 
5.2.1. Sample preparation 
Zr02 (Aldrich, purity 99.99 %) was doped with 1, 2, 3, 4, 5 and 6 mol 
% of PbO (Aldrich, 99.999% pure). Pellets of above molar compositions 
were prepared by applying a pressure of 0.49GPa with the help of a 
hydraulic press (Spectra Lab Model SL-89). The pellets of diameter 
2.4cm and thickness 0.1cm were annealed in a muffle furnace at 950°C 
for 24 hours. 
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5.2.2. Conductivity measurements 
The a.c. conductivity measurements were carried out by the two-probe 
method in the temperature range 40-800°C using a GENRAD 1659RLC 
Digibridge at different frequencies (10 kHz, 1 kHz, 120 Hz, 100 Hz). The 
rate of heating was maintained at l°C/min. 
5.2.3. Differential thermal analysis 
Thermal analysis was recorded on Perkin Elmer Pyris Diamond 
TG/DTA in air and the heating rate was 20°C per minute. For each 
experiment, 1 0 - 1 5 mg of sample was used. 
5.2.4. X-ray powder diffraction 
X-ray studies were recorded using Stoe Powder Diffraction System, 
using CuKa radiation (k = 1.54060 A). The X-ray powder diffraction 
studies were carried out for confirming new phases and crystal structures. 
5.3. Results and Discussion 
5.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation, 
G = ne\2vy/kTexp(-AG*/kT) (5.2) 
= ne^?.\y/kTexp(AS*/k-AH*/kT (5.3) 
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where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the 
intersite geometry constant and AG*, AS* and AH* are activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as, 
aT^aoexp (-Ea/kT) (5.4) 
Oo being equal to ne^X^vy/k exp (AS*/k) and AH*= Ea; the activation 
enthalpy equals the experimental activation energy for ionic motion [9]. 
Doping of Zr02 is achieved by substitution of the host cation by lesser 
valent Pb and this leads to creation of the anionic vacancies. Creation of 
vacancies give rise to hopping of oxygen ions into neighboring vacant 
sites and thus result in higher conductivity [lOJ. Moreover, the 
conductivity may also rise due to 'lattice loosening effect'. The 
introduction of larger Pb^^ ion (viz. rpb^ ^ = 1.20 A and rz/^ = 0.79 A) 
generates additional free volume and weakens the lattice bonding forces, 
which permit greater facility to oxygen mobility [11 - 13]. This is why 
the PbO doped ZrOi possesses a higher conductivity prior to phase 
transition than the pure Zr02. Increasing the PbO concentration leads to 
the introduction of more anionic vacancies in the lattice, and hence, 
results in increase in the electrical conductivity. Figure 5.1 shows the 
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rise in isothermal conductivity as the level of substitution increases, at 
room temperature at 10 kHz. 
The variations in conductivity with temperature at 10 kHz for ZrOi, 
PbO and ZYOJ doped with 1, 2, 3, 4, 5 and 6 mol % of PbO are shown in 
Figure 5.2. The figure exhibits similar electrical conductivity behavior 
for all the compositions. The conductivity of the doped samples increases 
sharply with temperature, attains a maximum at 163°C and then 
decreases. The initial increase in conductivity with temperature arises due 
to increase in rate of migration of vacancies [10]. 
The drop in conductivity above 163°C is due to collapse of the 
fluorite framework, since on cooling, the higher conductivity is regained 
and no hysteresis is observed (Figure 5.3). This supported the argument 
of lattice collapse, and its subsequent recovery on cooling, employing 
restructuring of the sublattice. Such type of decrease in the conductivity 
has been reported earlier [13-15]. The second rise in conductivity in pure 
Zr02 observed around 460°C is due to its phase transition from 
monoclinic to tetragonal which starts around 460°C and is completed 
around 1160°C [16,17 ]. The second rise in conductivity observed in the 
doped samples beyond 460°C is also due to phase transition of ZrOi. It 
is observed that this phase transition takes place at higher and higher 
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temperatures as the percentage of PbO increases. Conductivity variations 
with temperature for all the samples has been studied at 10 kHz, 1 kHz, 
120 Hz and 100 Hz as well, and it was found that the change in frequency 
does not induce any change in the electrical conductivity behavior. 
The activation energies Ea, and Ea2 for the temperature ranges 80°C ~ 
140°C and 460°C - 720°C have been calculated and shown in Table 1. A 
commonly accepted method to study the non-linear Arrhenius behavior is 
to fit the experimental data by two straight lines, one each in the lower 
and the higher temperature ranges. The low temperature phase has lower 
activation energy than the high temperature phase. Since Ea = AH*migration 
+ V2AH* defect formation, the valuc of Ea in the high temperature range is 
higher because of defect formation enthalpy contribution [18]. 
Table 1 
Activation energies for various molar ratios at different temperature ranges 
mol% of PbO 
0 
1 
2 
3 
4 
5 
6 
Activation 
Eai 
0.19 
0.32 
0.39 
0.43 
0.45 
0.46 
0.48 
Energy (ev) 
Ea2 
1.41 
1.55 
1.70 
1.61 
1.61 
1.63 
2.12 
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5.3.2. Differential thermal analysis 
DTA was carried out for Zr02 and PbO doped Zr02 samples in Figure 
5.4.Phase transition of pure Zr02 from monoclinic to tetragonal is 
confirmed by an exothermic peak at 460°C in agreement with earlier 
works [19, 20]. In the doped samples also, we get an exothermic peak 
due to phase transition of Zr02 from monoclinic to tetragonal but at 
higher temperatures. The exothermic peaks for 1, 3 and 5 mol% of PbO 
are obtained at 490, 514 and 548°C respectively. Thus this phase 
transition shifts to higher and higher temperatures as the PbO 
concentration increases. 
5.3.3. X-ray powder diffraction 
The X-ray data recorded at room temperature, of Zr02, PbO and PbO 
doped Zr02 after annealing at 950°C is depicted in Figure 5.5. The data 
could not be adequately modelled on the monoclinic structure of Zr02 
and was found to contain a small amount of the tetragonal form also [21], 
as the high temperatures phases are said to be retained at lesser 
temperatures by doping with lesser valent cation [22]. 
5.4. Conclusion 
Electrical conductivity of Zr02 is remarkably increased on doping with 
PbO in the temperature range 80°C-380°C.Electrical conductivity of PbO 
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doped Zr02 increases with increase in PbO concentration till 163°C due 
to creation of oxide ion vacancies and hopping of oxide ions into 
neighboring vacancies. With rise in temperature rate of hopping 
increases, which results in rise in conductivity. The phase transition in 
PbO doped Zr02 from monoclinic to tetragonal between 480°C-548°C, is 
confirmed by a sharp rise in conductivity as well as by an exotheraiic 
peak in DTA. No effect of change in frequency was observed on the 
electrical conductivity behavior. The Activation energy is also found to 
increase with increase in concentration of PbO. 
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CHAPTER 6 
6.1. Introduction 
Zirconia-based solid oxide ion conductors are the best candidates for 
the electrolytes in the solid oxide fuel cells and oxygen sensors, because 
of its high ionic and low electronic conductivity and stability under 
reducing and oxidizing atmospheres. During the past decades many 
reports have been published on the study of conductivity of zirconia-
based solid solutions with aliovalent cations [1, 2]. These results 
suggested that the oxide ion conductivity in doped zirconia depended on 
the concentration, the valency and the ion size of dopant cation. Doping 
with lower valent cations produces oxide ion vacancies to maintain 
electrical neutrality in the lattice [3]. 
At ambient pressure, pure Zr02 exists in three basic polymorphs: 
cubic (FmSm fluorite), tetragonal {P42/nmc, distorted fluorite) high 
temperature phases and a monoclinic {Plj/c) phase stable at room 
temperature [4 -6] . Lithium oxide, Li20, is an ionic material with the 
antifluorite structure. It can be thought of as an fee lattice of O '^ ions, 
with tetragonal holes filled with Li^ and vacant octahedral holes [7]. 
This chapter presents the study of variation of electrical conductivity 
as a function of temperature in ZrOi doped with different mol % of Li20. 
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DSC and X-ray powder diffraction were carried out to study the phase 
relationships of sample series of doped and undoped materials. 
6.2. Experimental 
6.2.1. Sample preparation 
Zr02 (Aldrich, 99.99 % pure) was doped with 1, 2, 3, 4, and 5-
mol% of U2O (Aldrich, 99.99% pure). The materials in the above 
ratios were mixed and grinded in an agate mortar and then pressed at a 
pressure level of 4.9GPa with the help of hydraulic press (Spectralab 
Model SL-89) to prepare the samples in the form of pellets having 
diameter of 2.4cm and thickness 0.1cm. The pellets were then heated 
in a muffle furnace at 1000°C for 28 hours. 
6.2.2. Conductivity measurements 
The a.c. conductivity measurements were carried out by the two-
probe method in the temperature range 40-800°C using a GENRAD 
1659RLC Digibridge at different frequencies (10 kHz, 1 kHz, 120 Hz 
and 100 Hz). The rate of heating was maintained at l°C/min. 
6.2.3. Differential scanning calorimetry 
DSC was recorded using SETARM I>absys TM performed in air 
and the heating rate was 20°C per minute. For each experiment, 10 ~ 
15 mg of sample was used. 
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6.2.4. X-ray powder diffraction 
X-ray studies were recorded using Rich Seitert X-ray 
diffractometer; using Ni- filtered CuKa radiation (k = 1.5406QA) with 
30 kV, 40 mA current. 
6.3. Results and discussion 
6.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne^ X^ vy/kT exp (-AG*/kT) (6.1) 
= ne^ X^ vy/kT exp (AS*/k-AH*/kT) (6.2) 
where n is the number of ions per unit volume, e the ionic charge. A, the 
distance between two jump positions, v the jump frequency, y the 
intersite geometry constant and AG*, AS* and AH* are activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as, 
o T = Oo exp (- Ea/kT) (6.3) 
oo being equal to ne^ X^ vy/k exp (ASVk) and AH*= Ea, the activation 
enthalpy equals experimental activation energy for ionic motion [8]. 
Doping of Zr02 is achieved by substitution of the host cation by 
lesser valent Li"^  and this leads to creation of anionic vacancies. 
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Creation of more and more vacancies gives rise to increased vacancy 
migration and thus, results in higher conductivity [9]. Figure 6.1 
shows the rise in isothermal conductivity at room temperature as the 
level of substitution increases. 
The variation in conductivity with temperature at 10 kHz for ZYO2, 
LiaO and various doped samples is shown in Figure 6.2. The figure 
exhibits similar pattern of electrical conductivity for all the compositions. 
The conductivity of the doped samples increases with rise in temperature, 
attains a maximum at 200°C and then decreases. The initial increase in 
conductivity with rise in temperature is due to increase in the rate of 
migration of vacancies. 
The drop in conductivity above 200°C is due to collapse of the fluorite 
framework, since on cooling, the higher conductivity is regained and no 
hysteresis is observed (Figure 6.3). This supported the argument of 
lattice collapse, and its subsequent recovery on cooling, employing 
restructuring of the sublattice. Such type of decrease in the conductivity 
has been reported earlier [10 - 12]. 
Pure Zr02 is found to show a second rise in conductivity from about 
460°C, due to gradual transition of monoclinic to tetragonal phase (Zr02 is 
reported to undergo a phase fransition from monoclinic to tetragonal which 
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starts at about 460°C [13]). All the doped samples studied by us also show a 
second rise in conductivity but at temperatures beyond 460°C. It was 
observed, that this rise in conductivity shifts to higher and higher 
temperatures as the percentage of Li20 increases 
Conductivity variation with temperature for all the samples has also 
been studied at 1 kHz, 120 Hz and 100 Hz as well, and it was found that 
the change in frequency does not induce any change in the electrical 
conductivity behavior. 
The activation energies, Eai and Ea2, for the temperature ranges 
500°C-640°C and 660°C-800°C have been calculated and shown in 
Table 1. A commonly accepted method to study the non-linear 
Arrhenius behavior is to fit the experimental data by two straight 
lines, one each in the lower and the higher temperature ranges. The 
low temperature phase has lower activation energy than the high 
temperature phase. Since Ea = AH*migration + '/2 AH*defect formation, the 
value of Ea in the high temperature phase is higher because of defect 
formation enthalpy contribution [14]. 
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Tabic 1 
Activation energies for various molar ratios at different temperature ranges 
mol%ofLi20 
1 
2 
3 
4 
5 
Activation Energy (ev) 
Eai 
(500°C - 640' 
0.45 
0.46 
0.67 
0.81 
1.14 
Ea2 
^C) (660°C-800°C) 
1.67 
1.67 
1.69 
1.70 
1.72 
6.3.2. Differential scanning calorimetry 
The results of DSC are shown in Figure 6.4. For pure Zr02, the DSC 
curve shows a sharp exothermic peak at 460°C due to phase transition of 
Zr02 from monoclinic to tetragonal [15]. As is evident from the figure, 
on doping Zr02 with Li20 the exothermic peak shifts to higher 
temperatures. The degree of shift increases and the peak gets broader 
with increasing lithium content. These results are in good agreement with 
those of conductivity results described above. 
6.3.3. X-ray powder diffraction 
X-ray powder diffraction pattern of Li20-Zr02 system after annealing 
at 1000°C shown in Figure 6.5 indicates that at least two zirconia phases, 
monoclinic (marked by M) and tetragonal (marked by T) [16]. The figure 
Suggests that tetragonal zirconia is the major phase and monoclinic 
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zirconia the minor phase in the doped samples. It is well known that by 
doping with lower valent cations, vacancies are created on the oxygen 
lattice and the high temperature phases are retained at room temperature 
[17]. 
6.4. Conclusion 
Electrical conductivity of Zr02 doped with Li20, which arises due to 
migration of vacancies, rises with increase in Li20 concentration and also 
with rise in temperature. The activation energy is also found to increase 
with rise in concentration of Li20. Though in pure Zr02, the phase 
transition from monoclinic to tetragonal takes place at 460°C but in all 
the doped compositions, as the percentage of Li increases, this phase 
transition in Zr02, shifts to higher and higher temperature. 
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CHAPTER 7 
7.1. Introduction 
A variety of devices use partially stabilized, doped zirconia as 
electrolyte due to its high oxygen ionic conductivity. CaO is one of the 
most common dopant present in high concentration in commercial 
Zr02 - based electrolytes. For the successful use of some devices, 
especially of coulombic titration cells, it is very important to 
appropriately take into account variations in the oxygen content of the 
electrolyte as a function of temperature and oxygen activity [1]. 
Dissolution of CaO in the fluorite phase of Zr02 leads to Ca 
ions occupying Zr'^ ^ sites, and an effectively positively charged 
oxygen vacancy is created for each Ca ion present to maintain 
electroneutrality. The defect equation can be written in the 
Kroger- Vink notation as: 
CaO<->Ca"zr + 0^o + V--o (7.1) 
The best characterized and perhaps the best understood of all the fast 
oxygen ion conductors, are those based on the doped fluorite oxides; 
however these materials are not fast - oxygen ion conductors until they 
are doped with aliovalent cations. The introduction of aliovalent cations 
into the host lattice, introduces oxygen vacancies [2]. At ambient 
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pressure, pure Zr02 exists in three basic polymorphs: cubic (Fm3m, 
fluorite), tetragonal {P42/nmc, distorted fluorite) high temperature phases 
and a monoclinic {P2i/c) phase stable at room temperature [3 - 5]. 
Zirconia is often combined with cationic dopants (Y2O3, CraOs, MgO, 
CaO or La203), which contribute to stabilization of the tetragonal phase 
at low temperatures [6]. 
This chapter presents the study of variation of electrical 
conductivity as a function of temperature in Zr02 doped with 
different mol% of CaO. The phase relationships of sample 
series of doped and undoped materials were also examined by 
DSC and X-ray powder diffraction. 
7.2. Experimental 
7.2.1. Sample preparation 
Zr02 (Aldrich, 99.99 % pure) was doped with 2, 4, 6, 8, 10, 
15 and 20-mol% of CaO (Aldrich, 99.99% pure). The materials 
in the above ratios were mixed and grinded in an agate mortar 
and then pressed at a pressure level of 0.49GPa with the help of 
a hydraulic press (Spectralab Model SL-89) to prepare the 
samples in the form of pellets having diameter of 2.4cm and 
thickness 0.1cm. The pellets were then armealed in a muffle furnace at 
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1000°C for 28 hours. 
7.2.2. Conductivity measurements 
The a.c. conductivity measurements of the pellets prepared were 
performed by means of the two-probe method. The conductivity 
measured in the temperature range 40-900°C using a GENRAD 
1659RLC Digibridge at different frequencies (10 kHz, 1 kHz, 120 Hz, 
100 Hz). The rate of heating was maintained at l°C/min. 
7.2.3. Differential scanning calorimetry 
DSC was recorded using SET ARM Labsys TM performed in air 
and the heating rate was 20°C per minute. For each experiment, 10 ~ 
15 mg of sample was used. 
7.2.4. X-ray powder diffraction 
X-ray studies were recorded using RTNT 1200 Rigaku X-ray 
diffractometer; using Ni- filtered CuK^ radiation {X = 1.54060 A) with 30 
kV, 40 mA current. 
7.3. Results and discussion 
7.3.1. Conductivity studies 
Temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne^ X^ vy/kT exp (-AOVkT) (7.2) 
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= ne' X" vy/kT exp (ASVk-AHVkT) (7.3) 
where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the 
intersite geometry constant and AG*, AS* and AH* are activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as 
CT T - a 0 exp (- Ea/kT), (7.4) 
Go being equal to ne A, vy/k exp (AS /k) and AH = Ea, the activation 
enthalpy equals experimental activation energy for ionic motion [7]. 
Figure 7.1 shows the conductivity isotherm of the CaO - Zr02 system 
at room temperature, as a function of the CaO content. The conductivity 
increases with rise in CaO content and reaches a maximum for 10 mol% 
of CaO. Small decreases in conductivity were observed when the 
concentration of CaO was raised to 15-mol% and 20-mol% of CaO. 
Doping of Zr02 is achieved by substitution of the host cation by lesser 
valent Ca" and this leads to creation of the anionic vacancies. Creation 
of vacancies give rise to hopping of oxygen ions into neighboring vacant 
sites and thus result in higher conductivity. 
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In the CaO-Zr02 system the conductivity maximum is reached with 
10-mol% of the dopant though the interactions within the defect 
associates are strong. This is due to the fact that with divalent dopent 
cations, the dipoles [M"-V" o]'' are neutral, and the tripoles [M"-V"o-
M"]" are twice positively charged [8, 9]. Thus the dipoles already 
hinder the conductivity, and many tripoles are necessary for an 
additional decrease in conductivity, i.e. the concentration of dopant is 
relatively high at the maximum of conductivity [10]. 
The variations in conductivity with temperature at 10 kHz for Zr02, 
CaO and various doped samples, are shown in Figure 7.2. Similar 
electrical conductivity behavior is exhibited by all the compositions. The 
conductivity of the doped samples increases sharply with rise in 
temperature attains a maximum at 160°C and then decreases. The initial 
increase in conductivity with temperature arises due to increase in the 
rate of migration of oxygen ions and vacancies [11]. 
The drop in conductivity beyond 160°C is due to collapse of the 
fluorite framework, since on cooling, the higher conductivity is regained 
and no hysteresis is observed (Figure 7.3). This supported the argument 
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of lattice collapse, and its subsequent recovery on cooling, employing 
restructuring of the sublattice. Such type of decrease in the conductivity 
has been reported for K^ doped AgsHgU [12], Na2S04 [13] and K2SO4 
[14] as well. 
Pure Zr02 is found to show a second rise in conductivity from about 
460° C, due to gradual transition of monoclinic phase to tetragonal phase 
(Zr02 is reported to undergo a phase transition from monoclinic to 
tetragonal which starts at about 460°C [15]). All the CaO doped Zr02 
samples studied by us also show a second rise in conductivity but at 
slightly lower temperatures. We therefore conclude that the second rise in 
conductivity in the doped samples is also due to the phase transition of 
ZrOs. 
Conductivity variation with temperature for all the samples has been 
studied at 1 kHz, 120 Hz and 100 Hz as well, and it was found that the 
change in frequency does not induce any change in the electrical 
conductivity behavior. 
The activation energies Eai and Ea2 for the temperature ranges 
500°C-640°C and 660°C-880°C have been calculated and shown in 
Table 1. A commonly accepted method to study the non-linear Arrhenius 
behavior is to fit the experimental data by two straight lines, one each in 
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the lower and the higher temperature ranges. The low temperature phase 
has lower activation energy than the high temperature phase. Since Ea = 
AH*migration + '^ AH*dcfcct formation, the valuc of Ea lu the high temperature 
phase is higher because of defect formation enthalpy contribution [16]. 
Table 1 
Activation energies for various molar ratios at different temperature ranges 
mol%of CaO 
x = 0 
X = 0.06 
X = 0.08 
X = 0.10 
X = 0.15 
X = 0.20 
(500 
Activation 
Eai 
X - 640 
0.57 
0.64 
0.64 
0.66 
0.69 
1.03 
"C) 
1 Energy (ev) 
Ea2 
(660°C-880"C) 
0.93 
0.91 
0.92 
0.94 
0.94 
1.06 
7.3.2. Differential scanning calorimetry 
The results of DSC are shown in Figure 7.4. For pure ZrOi, the DSC 
curve shows a sharp exothermic peak at 460°C due to phase transition of 
Zr02 from monoclinic to tetragonal [17]. As is evident from the figure, 
on doping Zr02 with CaO the exothermic peak shifts to lower 
temperatures i.e. around 440°C. These results are in good agreement with 
those of conductivity results described above. 
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Figure 7.4. DSC curves for CaO-ZrOi system. 
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7.3.3. X-ray powder diffraction 
The room temperature X-ray powder diffraction pattern of the calica -
zirconia system after annealing at 1000°C shown in Figure 7.5 indicates 
that at least two zirconia phases, monoclinic and tetragonal, are present. 
The X-ray pattern of pure Zr02 shows the presence of monoclinic phase 
as the major phase, since at room temperature it is the most stable phase 
and tetragonal as the minor phase since it is known to be unstable at room 
temperature. This figure suggests that tetragonal zirconia is the major 
phase and monoclinic zirconia the minor phase, in the doped samples in 
accordance with the fact that on doping Zr02 with lower valent cations, 
higher temperature phases are said to be retained at room temperature 
[18]. 
7.4. Conclusion 
The electrical conductivity of Zr02 increases remarkably on doping 
with CaO in the temperature range 60°C -240°C. The electrical 
conductivity is found to be maximum for 10-mol% of CaO at room 
temperature but at higher temperatures it is found to increases with 
increases in CaO concentration. 
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